Introduction
============

Calcium phosphate (Ca-P) ceramics have been widely used as bone substitutes in the restoration of calvarial defects and lateral, vertical bone augmentation models.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ Among various Ca-P ceramics, porous biphasic calcium phosphate ceramics (BCP) have attracted much attention in the reconstruction of large and complex bone defects because of their excellent osteoconduction and proper degradation.^[@bib5],\ [@bib6],\ [@bib7]^ However, a rather long duration of the bone consolidation phase is typically required after therapy using BCP, which may elicit unexpected complications and inconvenience care clinics. It is important to identify an effective method to accelerate bone formation and reduce the duration of this therapy.

It has been proposed that bone metabolism is regulated by neuro-osteological interactions.^[@bib8],\ [@bib9],\ [@bib10]^ Multiple studies have revealed that a number of neuropeptides secreted by the skeletal nerve fibers exert a robust effect on osseous formation and bone resorption.^[@bib10],\ [@bib11]^ Among the numerous neurotrophins, nerve growth factor (NGF) is frequently used in bone defect therapies.^[@bib12],\ [@bib13],\ [@bib14]^ NGF exists in many animals and can be extracted from submaxillary salivary glands, bovine seminal plasma, snake venom and so on^[@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ Among these sources, snake venom-derived NGF exhibits better bioactivity and stability than the venom from other sources.^[@bib15],\ [@bib16],\ [@bib17]^ NGF stimulates bone formation around the induced regenerating axons and improves bone fracture healing.^[@bib22],\ [@bib23]^ The injection of NGF is a useful method to stimulate bone formation^[@bib14],\ [@bib24],\ [@bib25]^ NGF can also be delivered using various scaffolds, including agarose hydrogel, copolymers (PPy-NSE), poly-lactic-co-glycolic-acid (PLGA) and so on.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ However, most of the carriers for NGF are hydrogels or porous polymers that can hardly achieve the functional reconstruction of large-scale defects. A combination of NGF with Ca-P ceramics, such as BCP, may hold promise in the therapy of extensively damaged bone.

A composite system comprising inorganic phases and organic substrates is difficult to prepare. Although proteins can be immobilized onto the surfaces of ceramics by chemical modifications to form covalent bonds, protein properties, including the structure, conformation or aggregation, may be altered. Alternatively, ceramics can be used to absorb proteins. Emerging evidence indicates that Ca-P ceramics have protein adsorption capacity, which may underlie the osteoinduction observed after implantation *in vivo*. In addition, Ca-P ceramics have also been exploited for protein separation and protein anchorage.^[@bib33]^ In particular, BCP is promising in the adsorption of proteins, as these molecules easily form microporous structures and exhibit an affinity for proteins.^[@bib34],\ [@bib35],\ [@bib36]^ Proteins, such as fibronectin, bone sialoprotein and transforming growth factor, are selectively adsorbed onto the surface of Ca-P ceramics.^[@bib35],\ [@bib37],\ [@bib38]^ This feature may be useful for combinational therapy using BCP and neuropeptides, such as NGF, for bone defects.

In the present study, we investigated the role of BCP combined with NGF from Guangxi cobra venom on the growth of osteoblasts *in vitro* and the repair of calvarial defects *in vivo*. To separate and purify the Chinese cobra venom, we improved upon a simplified three-step chromatography method described in a previous study.^[@bib39],\ [@bib40]^ NGF was retained by BCP using protein absorption. Thus, the aim of the present study was to employ neuro-osteological interactions to shorten the duration of the bone consolidation phase.

Materials and methods
=====================

Purification of NGF
-------------------

As shown in [Figure 1A](#fig1){ref-type="fig"}, crude Guangxi cobra venom was sequentially separated on Sephadex G-50, CM Sepharose FF and Superdex 75 PG chromatography columns. Briefly, 2 g lyophilized cobra venom powder was thoroughly dissolved in 10 ml of 1% acetic acid (HAC, Sigma-Aldrich, St Louis, MO, USA) at 4 °C. After centrifugation at 12,000 r.p.m. for 10 min at 4 °C, the supernatant was collected, passed through Sephadex G-50 (GE Healthcare Bio-Sciences China Ltd, Beijing, China) at the rate of 1 ml min^−1^, and eluted with 1% acetic acid. A 10-ml fraction containing NGF activity was obtained and loaded onto CM Sepharose FF (GE Healthcare Bio-Sciences China) after overnight dialysis and gradient elution with 0.02 mol l^−1^ sodium acetate-acetic acid (NaAC-HAC, pH 5.8, Sigma-Aldrich) ranging from 0 to 1 mol l^−1^ sodium chloride (NaCl, Sigma-Aldrich). The fraction with NGF activity was collected and slowly separated on Superdex 75 pg (GE Healthcare Bio-Sciences China) at 0.8 ml min^−1^. After elution with 1% HAC, the fraction with NGF activity was collected, dialyzed for desalination and lyophilized. Finally, the purified NGF was dissolved in normal saline at a concentration of 0.1 mg ml^−1^ as a stock solution and stored at −20 °C.

Molecular weight assay of NGF
-----------------------------

Lyophilized powder was completely dissolved in 1% HAC, and the molecular mass was determined using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, Sigma-Aldrich) SDS. Subsequently, the gel was fixed using 12% trifluoroacetic acid (Sigma-Aldrich) and stained with Coomassie Blue R-250 (Shanghai Solarbio Science and Technology, Shanghai, China).

Bioactivity assay of NGF
------------------------

PC12 cells (purchased from Institute of Cell Biology, Chinese Academy of Science, Shanghai, China) were cultured in alpha-modified Eagle\'s medium (α-MEM, Gibco BRL, Gaithersburg, MD, USA) containing 10% (v/v) fetal bovine serum (FBS, Gibco BRL) and 1% (v/v) antibiotics (penicillin 100 U ml^−1^, streptomycin 100 U ml^−1^, Beijing Solarbio Science and Technology, Beijing, China) with or without 2 μg ml^−1^ NGF. NGF bioactivity was verified based on morphological changes of PC12 cells after 24 h.

*In vitro* experiment
---------------------

Primary osteoblasts were harvested from the bilateral parietal bone of newborn Sprague--Dawley (SD) rats (Animal Resources Center of Guangxi Medical University, Nanning, Guangxi, China) using enzymatic digestion. After being stripped clearly with sterile gauze and digested with 0.25% trypsin-ethylene diamine tetraacetic acid (EDTA) (Beijing Solarbio Science and Technology), the bilateral parietal bones were cut into pieces and subsequently digested with 1 mg ml^−1^ collagenase type I (Gibco BRL) for 3 h. After centrifugation, the isolated cells were resuspended and subsequently cultured at 37 °C in a 5% CO~2~ incubator (Thermo Scientific TM Forma Series II Water-Jacketed, Santa Ana, CA, USA), and the medium was changed every other day.

Preliminary screening and cytotoxicity assay
--------------------------------------------

Preliminary screening and cytotoxicity analysis were assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) method. For preliminary screening, the cells were cultured with NGF ranging from 0.625 to 250 μg ml^−1^ in monolayer or BCP-based three-dimensional (3D) cultures. BCP (HA/β-TCP=60/40, diameter=12 mm, thickness=2 mm, porosity=75%±5%) blocks were purchased from National Engineering Research Center in Biomaterials of Sichuan University of China. After preliminary screening, optimal concentrations of NGF were selected for further cytotoxicity analysis using an MTT assay in both 2D and 3D culture systems after 2, 5 and 8 days. Briefly, MTT was added to each well at a final concentration of 0.5 mg ml^−1^. After incubation for 4 h, 1 ml dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added for formazan-crystal solubilization. The absorbance was measured at 570 nm using a microplate reader (Thermo Scientific Multiskan GO Microplate Spectrophotometer, Helsinki, Finland). Preliminary screening and cytotoxicity assays were performed in triplicate.

Cell viability assay
--------------------

Cell viability was assessed using fluorescein diacetate (FDA, Life Technologies (AB & Invitrogen), Carlsbad, CA, USA)-propidium iodide (PI, Life Technologies (AB & Invitrogen)) staining. The cells were incubated with 5 μg ml^−1^ FDA and 20 μg ml^−1^ PI in the dark for 5 min. The images were captured using a laser scanning confocal microscope (Nikon A1, Tokyo, Japan).

Cell actin cytoskeleton detection
---------------------------------

Actin filaments were stained to observe the cell\'s actin cytoskeleton. After culture for 2, 5 and 8 days, the cells were washed with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich), permeabilized with 0.5% Triton-X (Gibco BRL) and incubated with rhodamine phalloidin (Cytoskeleton, Denver, CO, USA) and Hoechst 33258 (Sigma-Aldrich) in the dark. Cell cytoskeleton organization was observed using a laser scanning confocal microscope.

Alkaline phosphatase activity assay and ALP staining
----------------------------------------------------

Alkaline phosphatase (ALP) activity assay and ALP staining were performed using an ALP detection reagent and an ALP staining kit (both purchased from Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China), respectively, according to the manufacturer\'s instructions. Culture medium was collected for the ALP activity assay, and the cells were harvested for ALP staining after 2, 5 and 8 days. The absorbance was measured at 520 nm using a microplate reader. All reactions were performed in triplicate. Images of ALP staining were acquired using an inverted phase contrast microscope (Olympus, Tokyo, Japan).

Real-time polymerase chain reaction
-----------------------------------

Expression of bone morphogenetic protein-2 (*BMP2*), runt-related transcription factor 2 (*RUNX2*), alkaline phosphatase (*ALP*), bone sialoprotein (*BSP*), osteocalcin (*OCN*) and alpha-1 type I collagen (*COL1A1)* was detected using RT-PCR. On days 2, 5 and 8, total RNA was extracted using an RNA extraction kit (Beijing ComWin Biotech, Beijing, China) according to the manufacturer\'s instructions. An equal amount of RNA (300 ng) was used as a template for reverse transcription into cDNA using a reverse transcription kit (Fermentas Company, Pittsburgh, PA, USA), and the cDNA was subsequently amplified using a SYBR-Green mix (Roche, Berlin, Germany) and a real-time fluorescence quantitative instrument (Realplex 4, Eppendorf Corporation, Hamburg, Germany). The primers used for PCR are presented in [Table 1](#tbl1){ref-type="table"}. Gene expression was analyzed using the 2^−ΔΔCT^ method with β-actin as a control. All samples were assessed in triplicate.

Calcium nodule detection
------------------------

Calcium nodule detection was performed using Alizarin red staining. After 8 days, the cells were fixed in ice-cold 70% (v/v) ethanol for 1 h, rinsed twice with deionized water and stained with an Alizarin Red S (Sigma-Aldrich) solution (40 m[M]{.smallcaps}, pH 4.2) for 10 min at room temperature. Excess dye was gently washed away with running water. Calcification deposits were typically stained red and photographed using an inverted phase contrast microscope.

Protein adsorption study and surface characteristics of BCP
-----------------------------------------------------------

The protein adsorption capacity of BCP was assayed using the BCA protein assay kit (BOSTER, WuHan, China) and calculated according to the calibrated curve using BSA as a standard at 3, 24, 48, 72, 96, 120, 144 and 168 h. All samples were assessed in triplicate. The surface characteristics of BCP were observed using a scanning electron microscope (SEM, SU8020, HITACHI, Tokyo, Japan).

Scanning electron microscope detection
--------------------------------------

The surface of BCP before and after absorption with NGF was observed using an s.e.m. After 2, 5 and 8 days, the cells on the 3D matrix were also observed using an s.e.m. Briefly, the samples were washed with PBS (pH 7.4) and fixed in 4% paraformaldehyde for 15 min. Subsequently, the fixed samples were gradually dehydrated, incubated in iso-amyl acetate for 5 min and dried. After the substrates were sputter coated with gold, the images were obtained using SEM (VEGA3, TESCAN Company, Brno, Czech Republic).

*In vivo* experiment
--------------------

### Surgical procedure

Sixty male SD rats weighing 300±20 g were obtained from the Animal Resources Center of Guangxi Medical University (Nanning, Guangxi, China). All experiments were performed in accordance with the relevant guidelines and regulations approved by the Animal Care & Welfare Committee of Guangxi Medical University (Protocol Number: 20141003 A). After randomly dividing the animals into BCP and BCP-NGF groups, with 30 rats per group, the rats were anesthetized with a 2% pentobarbital sodium solution via intraperitoneal injection. Critical-size defects (5 mm in diameter) were created using a dental drill on the right parietal bone. The defects were implanted with BCP pre-immersed in 0 or 2.5 μg ml^−1^ NGF solution for 7 days. After the surgical experiments, the rats in both groups were intraperitoneally injected with dextrose and normal saline, whereas those in the BCP-NGF group were injected with NGF solution at a dose of 2.5 μg g^−1^ body weight via the tail vein once a week for 4, 8 and 12 weeks.

### Computed tomography imaging analysis, microcomputed tomography analysis and morphological observation

The healing process was observed at 4, 8 and 12 weeks after implantation using cone beam computed tomography (CBCT, Sirona, Galileos, Siemens Aktiengesellschaft, Munich, Germany). After tomographic acquisition, 3D reconstructive images of the samples were generated from 2D slices using machine built-in software. After imaging, the rats were sacrificed, and the entire defective skulls were harvested. Morphological observation was performed to investigate immunoreaction and new bone formation at the defect site. At week 12, the samples were fixed in formalin, scanned and analyzed using microcomputed tomography (micro-CT, Shanghai Showbio Biotech, Shanghai, China).

### Histological analysis and immunohistochemical staining

After rinsing with saline, fixing with paraformaldehyde, decalcifying with formic acid and embedding in paraffin, the 5-μm-thick sections were cut through the center of the calvarial defects. For histological analysis, the sections were subjected to hematoxylin and eosin (HE) staining.

For immunohistochemical staining, the sections were heated with citrate buffer for antigen retrieval, blocked with normal blocking serum, and subsequently incubated with mouse anti-osteocalcin (OCN, 1:1000, Santa Cruz, USA) or mouse anti-bone morphogenetic protein-2 (BMP2, 1:1000). After washing three times with PBS, the sections were incubated with goat anti-mouse antibody (1:1000, Santa Cruz, CA, USA), stained with substrate-chromogen solution 3,3′-diaminobenzidine tetrahydrochloride (DAB), and observed using an inverted phase contrast microscope.

Statistical analysis
--------------------

The values were expressed as the means±s.d. and compared using a one-way analysis of variance (ANOVA). The least significance difference test (LSD-t) was performed for further evaluation of the data. SPSS software (version 16.0, SPSS, Chicago, IL, USA) was used, and *P*\<0.05 was considered a significant difference.

Results
=======

Purification and bioassay of NGF
--------------------------------

NGF was extracted from Chinese cobra venom after gel filtration and chromatography through Sephadex G-50, CM Sepharose FF and Superdex 75 PG. The fractions of peak 2 ([Figure 1B](#fig1){ref-type="fig"}), peak 5 ([Figure 1C](#fig1){ref-type="fig"}) and peak 2 ([Figure 1D](#fig1){ref-type="fig"}) were determined based on NGF bioactivity and sequentially collected. The purified NGF was a glycoprotein with molecular weight of 22.3 kDa ([Figure 1E](#fig1){ref-type="fig"}). A bioassay with pheochromocytoma PC12 cells revealed the promotion of fiber outgrowth, which is typical of NGF activity ([Figure 1F (b)](#fig1){ref-type="fig"}).

Effects of NGF on monolayer-cultured osteoblasts
------------------------------------------------

### Cytotoxicity assay

As shown in [Figure 2A](#fig2){ref-type="fig"}, preliminary screening revealed that NGF had no significant cytotoxicity at a concentration ranging from 0.625 to 15.625 μg ml^−1^, but it displayed an inhibitive effect on osteoblasts at concentrations \>15.625 μg ml^−1^ after 3 days of culture. In the range of 1.25 to 5 μg ml^−1^, NGF notably promoted cell growth. In the present study, concentrations of 2.5, 5 and 10 μg ml^−1^ were selected for further 2D investigation.

Further cytotoxicity analysis ([Figure 2B](#fig2){ref-type="fig"}) showed that NGF increased cell numbers in a time-dependent manner compared with the control. The cell number increased with time. Among the three concentrations, 5 μg ml^−1^ NGF exhibited the strongest promoting effect on cell growth.

### Cell viability assay and cell actin cytoskeleton detection

Cell viability was determined using FDA-PI staining ([Figure 2C (a--d)](#fig2){ref-type="fig"}), in which viable cells stained green and dead cells stained red. Consistent with the results of the cytotoxicity assay, more live cells were observed in the NGF-treated groups compared with the control at each time point, indicating that NGF exerted a positive effect on primary osteoblast survival. Among the experimental groups, the number of viable cells in the 5 μg ml^−1^ NGF group was superior to that of other groups.

To assess the cytoskeleton reorganization of osteoblasts, actin filaments were detected through rhodamine phalloidin staining. As shown in [Figure 2C (e--h)](#fig2){ref-type="fig"}, more intensively polymerized actin was observed in the NGF-treated groups compared with the control, and these findings were confirmed using cytotoxicity and cell viability assays. Particularly, 5 μg ml^−1^ NGF exhibited the greatest induction of the actin cytoskeleton.

### ALP activity assay and ALP staining

In all the groups, ALP increased in a time-dependent manner ([Figure 2D](#fig2){ref-type="fig"}). Comparatively, osteoblasts in the NGF-treated groups exhibited significantly higher ALP activity than control, which was further confirmed using ALP staining ([Figure 2E](#fig2){ref-type="fig"}). The highest ALP level in all the groups was observed with 5 μg ml^−1^ NGF.

### Gene expression

The effect of NGF on osteoblasts was further investigated through an analysis of *BMP2*, *RUNX2*, *ALP*, *BSP*, *OCN* and *COL1A1* gene expression after 2, 5 and 8 days via RT-PCR assay. As shown in [Figure 2F](#fig2){ref-type="fig"}, *BMP2*, *BSP* and *OCN* expression was notably up-regulated by NGF at the three observation points. However, *RUNX2*, *ALP* and *COL1A1* expression was remarkably up-regulated from day 2 to 5 and subsequently gradually down-regulated thereafter. These osteogenic-specific marker genes exhibited the greatest up-regulation after the administration of 5 μg ml^−1^ NGF.

### Calcium nodules detection

Alizarin red staining was used to detect calcium nodules at day 8. Compared with the control, the formation of calcification deposits was more obvious after NGF treatment, particularly at 5 μg ml^−1^ ([Figure 2G](#fig2){ref-type="fig"}).

Effects of BCP combined with NGF on osteoblasts
-----------------------------------------------

### Protein adsorption study and surface characteristics of BCP-NGF

In the presence of BCP, the amount of NGF in the solution dramatically decreased after 3 h, and gradually decreased thereafter, becoming stable after 120 h ([Figure 3A (a)](#fig3){ref-type="fig"}). In contrast, NGF concentration exhibited minimal variation in the control. This finding indicated that BCP adsorbed the majority of protein in the solution. An s.e.m. was used to investigate the surface of NGF-covered BCP after incubation for 168 h compared with BCP alone ([Figure 3A (b)](#fig3){ref-type="fig"}). As shown in [Figure 3A (c)](#fig3){ref-type="fig"}, protein deposition could be observed on the surface of BCP.

### Concentration screening on BCP

As shown in [Figure 3B](#fig3){ref-type="fig"}, 0.625 to 2.5 μg ml^−1^ NGF promoted cell growth, but the doses \>2.5 μg ml^−1^ displayed an inhibitive effect on osteoblasts. In the present study, concentrations of 1.25, 2.5 and 5 μg ml^−1^ were selected for further 3D investigation.

### Cytotoxicity and cell viability assay

As shown in [Figure 3C](#fig3){ref-type="fig"}, the cells proliferated in a time-dependent manner. Compared with the control, the cell number increased markedly in the BCP-NGF group, verifying the promoting effect of NGF on 3D culture. Live-dead cell staining was used to determine the effect of NGF on cell viability. As shown in [Figure 3D](#fig3){ref-type="fig"}, more viable cells (stained in green) were present in the BCP-NGF group than the BCP alone group ([Figure 3D (a](#fig3){ref-type="fig"}). In the BCP-NGF groups, the number of live cells notably increased, and these cells ultimately formed clusters and occupied a majority of the surfaces of the matrices. Among the three doses, 2.5 μg ml^−1^ NGF promoted cell viability most prominently at all observation points ([Figure 3D (c](#fig3){ref-type="fig"}).

### Cell cytoskeleton organization

As shown in [Figure 3E](#fig3){ref-type="fig"} a section view of 3D image construction revealed that actin polymerization increased with time in all groups. Comparatively, more intensive polymerized actin was distributed throughout the cytoplasm with more aggregation of the cells in the BCP-NGF groups compared with the control. Particularly, 2.5 μg ml^−1^ NGF exhibited the best performance.

### Morphology of cells on BCP

Typical s.e.m. photographs of BCP combined with and without NGF are presented in [Figure 4A](#fig4){ref-type="fig"}. A large number of micro-pores (10--100 μm in diameter) distributed on the walls of macro-pores ranging from 100 to 400 μm in diameter could be clearly observed. Cells spread with numerous filamentous extensions in BCP, indicating superior cell attachment to the BCP. More cells were observed in the BCP-NGF group ([Figure 4A (k)](#fig4){ref-type="fig"}) than in the control ([Figure 4A (a](#fig4){ref-type="fig"}), which ultimately grew in clumps on the surface. This finding indicates the promotion effect of NGF absorbed on BCP, particularly at 2.5 μg ml^−1^.

### ALP activity assay

As shown in [Figure 4B](#fig4){ref-type="fig"}, increased ALP activity of osteoblasts on BCP combined with NGF was observed from days 2 to 5 compared with the control, particularly at 2.5 μg ml^−1^. However, ALP activity obviously decreased from days 5 to 8 in all groups. Only ALP activity at 2.5 μg ml^−1^ NGF was significantly different from the control.

### Gene expression

As shown in [Figure 4C (a](#fig4){ref-type="fig"}, compared with the control, *BMP2*, *BSP* and *OCN* expression was up-regulated in BCP combined with NGF groups in a time-dependent manner, particularly at 2.5 μg ml^−1^. However, *RUNX2*, *COL1A1* and *ALP* expression increased from day 2 to 5 but decreased from day 5 to 8 ([Figure 4C (b](#fig4){ref-type="fig"}) in the BCP-NGF groups, and the levels were higher than the control at each time point.

Therapeutic effect of BCP combined with NGF on calvarial-defect model
---------------------------------------------------------------------

### Imageological examination and gross morphological analysis

As shown in [Figure 5A](#fig5){ref-type="fig"}, the critical calvarial defects were implanted with BCP or BCP pre-immersed in NGF in group BCP or BCP-NGF respectively according to the model. One rat in the BCP group died at one week post-operation, which may reflect brain damage or infection. In addition, another rat in group BCP-NGF died during anesthesia, which may reflect excessive anesthetic. The remaining rats recovered well after operation and remained alive until the end of the study. After 4, 8 and 12 weeks of therapy, the samples were harvested for observation and analyses. As shown in [Figure 5](#fig5){ref-type="fig"}, no inflammation was observed in the engineered bone at weeks 4, 8 and 12. Imageological examination ([Figures 5B and D (b)](#fig5){ref-type="fig"}) and gross morphology observation ([Figure 5C](#fig5){ref-type="fig"}) showed the nearly complete repair of bone defects using combinational therapy. The new bone was remodeled and fused with the surrounding tissue after 12 weeks ([Figure 5E](#fig5){ref-type="fig"}), as evidenced by significant increases in parameters, including bone volume (BV, [Figure 5E (b)](#fig5){ref-type="fig"}) and the percentage of bone volume/total volume (BV/TV, [Figure 5E (c)](#fig5){ref-type="fig"}). Trabecular analyses were also significantly improved with NGF treatment, including an obvious increase in trabecular thickness (Tb.Th, [Figure 5E (d)](#fig5){ref-type="fig"}) and trabecular number (Tb.N, [Figure 5E (e)](#fig5){ref-type="fig"}), and a notable decrease in trabecular separation (Tb.Sp, [Figure 5E (f)](#fig5){ref-type="fig"}). However, the interface between the neo-bone and the original tissue remained obvious in the BCP-repaired defects, indicating less favorable bridging. In summary, all the data suggested that combinational therapy of BCP and NGF was superior to treatment with BCP alone.

### Histological and immunohistochemical analysis

HE staining ([Figure 6A](#fig6){ref-type="fig"}) showed that new bone formed in the defect near the original bone, which became more uniform and compact as time progressed. Compared with bone repair by BCP alone, enhanced bone ingrowth with relatively more positive OCN ([Figure 6B](#fig6){ref-type="fig"}) and BMP2 ([Figure 6C](#fig6){ref-type="fig"}) staining was observed with combinational therapy. The boundary between the new bone and the original tissue was more compact in BCP and NGF therapy than with BCP alone.

Discussion
==========

BCP concentrates proteins on the surface, and this combination exerts synergistic effects on cell behavior. In the present study, we demonstrated that BCP combined with NGF significantly promoted the growth of osteoblasts and bone regeneration, and this system may be developed as a potential agent for skeletal reconstruction.

Regarding evidence for neuro-osteological interactions, NGF is pivotal not only in the maintenance and regeneration of nerves but also in the stimulation of the differentiation and inhibition of apoptosis of osteoblastic cells.^[@bib14]^ The results of 2D culture in the present study showed that NGF greatly promoted osteoblast growth and differentiation, with more viable cells and higher ALP activity than the control ([Figures 2C and E](#fig2){ref-type="fig"}). After loading in BCP, the growth of osteoblasts and new bone formation were extensively increased, based on morphological, histological and PCR findings with increased markers for osteogenesis compared with either NGF or BCP alone. These findings indicate that BCP facilitates angiogenesis and osteoconduction, and NGF enables neurogenesis, both of which contribute to new bone formation.

An important feature of Ca-P ceramics is protein adsorption,^[@bib34],\ [@bib35]^ which favors the concentration of proteins in a natural manner. In the present study, NGF was immobilized on the surface of BCP, which was minimally released, even after 7 days of incubation. Interestingly, optimal NGF doses substantially differed between the monolayer and 3D cultures at 2.5--5 μg ml^−1^ and 1.25--2.5 μg ml^−1^, respectively. In particular, 5 μg ml^−1^ NGF best supports cell growth in 2D culture, whereas 2.5 μg ml^−1^ NGF was better than other doses in 3D culture, indicating that BCP selectively absorbed NGF in the culture medium, leading to the increased local concentration of NGF at the BCP surface.

Further exploration revealed that the combination of BCP and NGF promoted osteoblast differentiation through the regulation of the *BMP2/Runx2* signaling pathway. This signaling has been identified as one of the major pathways for osteogenesis^[@bib41]^ and controls the downstream gene *Runx2* through the *BMP* signaling pathway.^[@bib42],\ [@bib43],\ [@bib44]^ BMP2 exhibits a time-dependent increase after treatment with BCP and NGF ([Figures 2F (a)](#fig2){ref-type="fig"} and [4C (a)](#fig4){ref-type="fig"}), indicating that osteoblast differentiation may be mediated by *BMP2* signaling. As a downstream transcription factor, Runx2 increases at early stages and subsequently declines. The results were consistent with those of a previous study^[@bib45]^ demonstrating that the overexpression of Runx2 in the late stage disfavors osteoblast maturation.^[@bib46],\ [@bib47]^ Animal models of calvarial reconstruction also confirmed this finding, demonstrating increased BMP2 expression as a result of combinational therapy.

Another advantage of this combinational therapy is the low cost and ease of accessibility. Unlike other growth factors, NGF has abundant sources^[@bib48]^ and NGF isolation and purification methods are well established and simple for industrialization. Using the optimized three-step procedure described herein, purified and bioactive NGF was easily extracted from Chinese cobra venom. Similarly, BCP is also easily produced.

In conclusion, porous BCP combined with NGF exerts potent effects on osteoblast differentiation and calvarial regeneration, and the effects of combination treatment were superior to either treatment alone. The results confirmed the neuro-osteological interactions in the promotion of osteogenesis and acceleration of bone formation.
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![Purification and bioactivity assay of nerve growth factor (NGF) from crude Guangxi cobra venom. (**A**) Purification of NGF. (**B**) Chromatogram of crude venom on Sephadex G-50. Symbols 1, 2, 3 and 4 separately denote the isolated chromatographic peaks. (**C**) Chromatogram of crude venom on a CM Sepharose FF column. Symbols 1, 2, 3, 4, 5, 6, 7 and 8 separately denote the isolated chromatographic peaks. (**D**) Chromatogram of the NGF fraction on a Superdex 75 PG column. Symbols 1 and 2 separately denote the isolated chromatographic peaks. (**E**) Electropherogram of NGF and model proteins on SDS-PAGE. (**F** (a,b)) PC12 cells cultured without (a) and with (b) 2 μg ml^−1^ NGF for 24 h (Scale bar=50 μm).](emm2016173f1){#fig1}

![Concentration screening, cytotoxicity assay, FDA-PI staining, rhodamine phalloidin-Hoechst 33258 staining, alkaline phosphatase (ALP) activity assay, ALP staining, osteogenic-specific gene expression and Alizarin red staining of monolayer-cultured osteoblasts. (**A**) Screening of nerve growth factor (NGF) using various concentrations (0.625, 1.25, 2.5, 5, 7.8125, 10, 15.625, 20, 31.25, 62.5, 125 and 250 μg ml^−1^) on 2D cultured osteoblasts using the MTT method after 3 days of treatment (*n*=3). (**B**) Cytotoxicity assay with NGF at 0, 2.5, 5 and 10 μg ml^−1^ on days 2, 5 and 8 (*n*=9). (**C** (a--d)) FDA-PI staining of osteoblasts treated with NGF at 0, 2.5, 5 and 10 μg ml^−1^ after 8 days of treatment (Scale bar=200 μm). (**C** (e--h)) Rhodamine phalloidin-Hoechst 33258 staining of a monolayer culture treated with 0, 2.5, 5 and 10 μg ml^−1^ NGF after 8 days (Scale bar=100 μm). (**D**) ALP activity assay of osteoblasts treated with 0, 2.5, 5 and 10 μg ml^−1^ NGF on days 2, 5 and 8 (*n*=9). (**E (**a--d)) ALP staining of osteoblasts treated with 0, 2.5, 5 and 10 μg ml^−1^ NGF after 8 days (Scale bar=500 μm). (**F** (a--f)) Relative expression of bone morphogenetic protein-2 (*BMP2*, **F** (a)), runt-related transcription factor 2 (*RUNX2*, **F** (b)), alkaline phosphatase (*ALP*, **F** (c)), bone sialoprotein (*BSP*, **F** (d)), osteocalcin (*OCN*, **F** (e)) and alpha-1 type I collagen (*COL1A1*, **F** (f)) in osteoblasts treated with 0, 2.5, 5 and 10 μg ml^−1^ NGF on days 2, 5 and 8 (*n*=3). (**G** (a--d)) Alizarin red staining of osteoblasts treated with 0, 2.5, 5 and 10 μg ml^−1^ NGF after 8 days (Scale bar=500 μm). The values are presented as the means±standard deviation. Bars with different letters at the same time point are significantly different from each other at *P*\<0.05, and bars with the same letter exhibit no significant difference.](emm2016173f2){#fig2}

![Protein adsorption study and surface characteristics of BCP, NGF concentration screening, cell viability and cell cytotoxicity assays, and cell actin cytoskeleton detection on three-dimensional (3D) cultured osteoblasts. (**A** (a)) Protein adsorption isotherms of NGF without and with BCP after 3, 24, 48, 72, 96, 120, 144 and 168 h (*n*=3). (**A** (b,c)) Scanning electron microscope (s.e.m.) images of BCP combined with NGF at 0 μg ml^−1^ (b) and 10 μg ml^−1^ (c) (Scale bar=10 μm, protein deposits are indicated with red arrows). (b) Concentration screening of nerve growth factor (NGF) on three-dimensional (3D) culture using the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) method after 3 days of interference (*n*=9). (**C**) Cytotoxicity assay of cells on BCP combined with different concentrations of NGF (0, 1.25, 2.5 and 5 μg ml^−1^) at days 2, 5 and 8 (*n*=9). The values are presented as the means±s.d. Bars with different letters at the same time point are significantly different from each other at *P*\<0.05, and bars with the same letter exhibit no significant difference. (**D** (a--l)) FDA-PI staining of osteoblasts on BCP treated with 0, 1.25, 2.5 and 5 μg ml^−1^ NGF for 2, 5 and 8 days (Scale bar=100 μm). (**E** (a--l)) 3D section views of rhodamine phalloidin-Hoechst 33258 staining on BCP combined with 0, 1.25, 2.5 and 5 μg ml^−1^ NGF treatment for 2, 5, and 8 days (Scale bar=200 μm).](emm2016173f3){#fig3}

![Scanning electron microscope (s.e.m.) detection, alkaline phosphatase (ALP) activity assay and gene expression analysis of three-dimensional (3D) cultured osteoblasts. (**A** (a--l)) Typical s.e.m. photographs of osteoblasts on BCP combined with different concentrations of NGF (0, 1.25, 2.5 and 5 μg ml^−1^) after 2, 5 and 8 days (Scale bar=100 μm). (**B**) Relative ALP activity (units/100 ml) in cells on BCP combined with 0, 1.25, 2.5 and 5 μg ml^−1^ NGF for 2, 5 and 8 days (*n*=9). (**C** (a--f)) Relative gene expression of bone morphogenetic protein-2 (*BMP2*, **C** (a)), runt-related transcription factor 2 (*RUNX2*, **C** (b)), alkaline phosphatase (*ALP*, **C** (c)), bone sialoprotein (*BSP*, **C** (d)), osteocalcin (*OCN*, **C** (e)) and alpha-1 type I collagen (*COL1A1*, **C** (f)) on BCP combined with 0, 1.25, 2.5 and 5 μg ml^−1^ of NGF on days 2, 5 and 8 (*n*=3). The data are presented as the means±standard deviation. Bars with different letters at the same time point are significantly different from each other at *P*\<0.05, and bars with the same letter exhibit no significant difference.](emm2016173f4){#fig4}

![Imageological examination and gross morphological analysis of repaired calvarial tissue in the calvarial-defect model. (**A**) The critical calvarial-defect model with BCP implanted during the operation. (**B**) Cone beam CT scan of calvarial defects repaired by BCP combined without (**B** (a,c,e)) or with NGF therapy (**B** (a,d,f)) after 4, 8 and 12 weeks. (c) Gross morphological observation of calvarial defects repaired by BCP combined without (**C** (a,c,e)) or with NGF therapy (**C** (b,d,f)) after 4, 8 and 12 weeks. (**D**) Representative three-dimensional micro-CT reconstructions of calvarial defects repaired by BCP combined without (**D** (a)) or with NGF therapy (**D** (b)) after 12 weeks. (**E**) Micro-CT quantification data, including bone mineral density (BMD, **E** (a)), bone volume (BV, **E** (b)), bone volume/total volume (BV/TV, **E** (c)), trabecular thickness (Tb.Th, **E** (d)), trabecular number (Tb.N, **E** (e)), and trabecular separation (Tb.Sp, **E** (f)). *n*=3 samples per group. \* indicates *P*\<0.05, \*\* indicates *P*\<0.01. micro-CT, microcomputed tomography.](emm2016173f5){#fig5}

![Hematoxylin--eosin (HE) staining and immunohistochemical staining on sections of repaired calvarial tissue. (**A** (a--f)) HE staining of repaired calvarial tissue from a calvarial-defect model implanted with BCP combined without or with NGF at weeks 4, 8 and 12 (Scale bar=100 μm in the large picture and Scale bar=1000 μm in the small picture). (**B** (a--f)) Osteocalcin (OCN) immunostaining of repaired calvarial tissue from the calvarial-defect model implanted with BCP combined without or with NGF at weeks 4, 8 and 12 (Scale bar=100 μm in the large picture and Scale bar=1000 μm in the small picture). (**C** (a--f)) Bone morphogenetic protein-2 (BMP2) immunostaining of repaired calvarial tissue from a calvarial-defect model implanted with BCP combined with or without NGF at week 4, 8 and 12 (Scale bar=100 μm in the large picture and Scale bar=1000 μm in the small picture).](emm2016173f6){#fig6}

###### Primers for real-time polymerase chain reaction

  *Gene name*   *Forward primer*             *Reverse primer*
  ------------- ---------------------------- ------------------------------
  *β-actin*     5′-CCCATCTATGAGGGTTACGC-3′   5′-TTTAATGTCACGCACGATTTC-3′
  *BMP2*        5′-TGCTCAGCTTCCATCACGAA-3′   5′-AATTTTGAGCTGGCTGTGGC-3′
  *RUNX2*       5′-CCAAGTGGCCAGGTTCAACG-3′   5′-GGGATGAGGAATGCGCCCTA-3′
  *ALP*         5′-GTTACAAGGTGGTGGACGGT-3′   5′-ACAGTGGTCAAGGTTGGCTC-3′
  *BSP*         5′-CCGGGAGAACAATCCGTGCC-3′   5′-AAAGCACTCGCCATCCCCAA-3′
  *OCN*         5′-CAGGTGCAAAGCCCAGCGAC-3′   5′-TGGGGCTCCAAGTCCATTGTT-3′
  *COL1A1*      5′-CATGAGCCGAAGCTAACCC-3′    5′-CTCCTATGACTTCTGCGTCTGG-3′

Abbreviations: *ALP*, alkaline phosphatase; *BMP2*, *bone morphogenetic protein-2; BSP*, bone sialoprotein; *β-actin*, beta-actin as the normalization control; *COL1A1*, alpha-1 type I collagen; *OCN*, osteocalcin; *RUNX2*, runt-related transcription factor 2.
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